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area of revievw ig defined by the radial

The
) distance from waste disposal wells in which the injection

formation f£luid pressure increases sufficiently %O force

formation fluids and/or injected wastes UpP abandoned well

nores to —ontaminate underground sources of drinking

The cost of corrective action required toO prevent

water.
such contamination within the area of review can be con=
giderable. TO minimize the costs associated with subsur~

face disposal cperations an appropriate area of rovciw

’ must be adequately defined. This report provides a
simplified procedure which can be gtilized to determine a

minimum area of review which can be safely applied o

L

given subsurfacse 1njoction-ep¢ration.
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CHAPTER I
- INTRODUCTION

Introduction

The increased fluid pressure in 2 disposal zone
which results from 2 waste injection cperation may force
injected and/or formation fluid to migrate up an abandoned
well bore which penetrates the injection formaticn.
should migration occur, commingling vith underground sour-
ces of drinking water may result. When a vaste injection
well reaches its design 1ife (typically twenty years) the
radial distance form the injector at which the potential
for fresh water contamination exists is defined as the ar
cf reviev. Environmental regulations require the well "x
operator to take corrective action, as required, at eaéé
abandoned well within the area of review to insure that
contamination does not oceur. The cost of corrective .
action can be significant. Therefore, it is essential
that the area of reviev be adequately defined before
corrective measures are undertaken. This paper presents
simplified procedure which can be atilized to calculate
the area of review.

1£ an abandoned well was not produced, drilling
pud remains in the well bore since it has no means of
escape. To evaluate the potential for fluid migration !

1
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such a well pore the forces which act on this static mud

column within the well bore asust be deternined. In most

cases the wells were drilled with water mase drilling mud:

which develop a gel structure wvhen allowed to remain

quiescent. T° {nitiate flow up the abandoned well bore

the £luid pressure in the formation must exceed the sum ©

the static mud column pressure (Ps) and the gel strength

The area of reviev is defined as that are

pressure (Pg).
within which the well 1ife formation pressure (Pg) is

greater than (Pg) + (Pgle

Theoretical pevelopaent

Figure (1)} represents a vertical force diagranm of

the static mud column in an abandoned well bore. The

ation for the force balance takes the following form,

equ
w + 2¢ T hGS = Pg xrys - Pg vry2 (1=
simplify anc let Ty ° D, equation l-1 becomes
2
Pg - py = 0.052°h + 4hGS (-
- .

neglecting surface pressure (Py) and converting

consistent field units,
Pg = 0.052 Ppyn b + 3.33 % 10=3 Gsh (1-
Dmax

Where: Pg = 0.052 Pminh == Fepresents the static mud
column pressure

Pg " 3.33 x 10=3 Ggh -~ represents the gel
Dmax strength pressure
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Pg represents the wall life formation pressurs.
The pressure which'r-sults at a radial distance T from the
inj;ctinn well at time t after the start of injection of a
vaste of small and constant comprassibility at 2 constant
rate Q throughout the 1ife of the weall intc an infinite,
igotropic, homogenecus, horizontal ressrvoir of uniform

thickness and porosity ig wall approximated bY,

7= PL - QuB £y 6 uir%) .
#rocedure for Detsrmining The Ares of Reviev
The proposad procedurs for deteraining the area of
reviev for wvaste injection wells is predicated on the

folloving basic assumptions:

.1.) The static mud column extends to the surface and
is uniform in density.

2.) Abandoned well bore diametars used in calcula-
tions are equai to the bit diameter plus two
inches wvhers bit refers to that used to drill th
hole at the depth of the injection formation.

3.) The gel strength applied to all wells is 20
1bs/100 f£¢.2

4.) lajection pressures will not exceed the fractul
pressure of the injection formation.

S.) Enown abandoned walls for vhich no data are
available will be assigned the minimun nud den-

sity and the largest pit diameter noted for all
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wells within a 215 mile radius of the injector.

6.) None of the abandoned wells were completed a“éﬁ;

produced.

7.) All pressures are calculated at the tOP cf the

indjection formation.

8.) A1l abandoned vells wvere drilled with water base

nuds.
9.) None of the abandoned wealls arce plugged.

geilizing the daveloped theory and applying the basic

assumptions, it {s possible to compare Pg with Pg + Py

The area of rsview will be defined by the radial distance

¢rom the injection well at which Pgypg + Pge
The procedure enploys an jterative process to deter-
mine the appropriste area of review for a given injoctior

“.5

operation. The first {teration considers all abandon it
vells within a 2)2 mile radius of the injection wells.
Once an area of review is determined, the process is
repeated considering only those wells within the deter-
mined area of reviev. The iterative process is repeated
until both the minimum mud density (min) and maximum bi
diameter at the depth of the injection formation (Dmax)
¢or the abandoned wells within the previously defined ar
of reviev no longer vary with the iterations. When PFfmin
and Dmax stabilize the resulting area of review is the

true area of review for the specified injection operatic

The procedure is demonstrated by the following example.



Example
An industrial wvaste injection operatisn is pro-

posed to dispose of 500 gal/min of wvaste for a period of

20 years. The waste will be injected into a sand for-

mation at a depth of 5000 £t. anploying two injection

vells each operating at a rate of 250 gal/min. Figure (2

displays the abandoned well locations with respect to the

injection wells. The mud densities and bit diameters £for

all abandoned wells are as noted in Table 1. The per-
vinent formation and fluid characteristics for the pro-
posed operation are presented in rigure (3).

By means of a digital computer it is possible to
use the develcoed theory ®o plot Pg, Py, and Pgq * Pg as
function of the radial distance froa the injection well
shown in Pigure (3). The area of revievw {s indicated by
the radial distance from the injector at which the well
1ife formation pressure 1#£¢rs¢cts the constant pressure
line Pg + Pge For injection operations which utilize
multiple injectors at a single site, the total flow of t
walls can be input as one wvell and the area of reviev ac
quately approximated as that of a single well. Likewis
for wells of variable flowv rate, an average, constant £
rate can be utilized to obtain satisfactory approximate
results. Pg is calculated by using the largest bit

diameter noted on well logs for all abandoned wells wit

a radial distance of 21 miles of the injectors.
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This provides 2 worst case design. Similarly, Pg is

calculated utilizing the pinimus mud density cbtained £T

lojs for the same radial distance from the injector.

rigure (3) indicates the area of review for the example
using these criteria as approximately 7000 f£t.

Pigure (4) is a computer generated plot which

displays the location of the isobar on which Pg = Pgq +
Pg and indicates those abandoned wells which lie within
the area of reviev defined by the isobar.

Considering only the abandcned wells contained

within the isobar defined in Figure (4), the area of rev
is recalculated. The nev area of revievw, as noted in
Pigures (S5) and (§), ig an area encompassed by a radial

distance of approximately 3800 f¢ from the injection wel

which csntains only 3 anqdoncd wells. It is noted that
in the second iteration the minimum mud density (emin’
has increased from 9.4 to 9.5 lbs/gal and the maximum

3 corrected bit diameter (Daax) has decreased from 11.8735
to 9.87% in. Another iteration of the procedure yields
the same values for omin and Dpgy. Therefore, the area
reviev defined is the true area of raview for the spe-~

cified injection cperation.
Corrective action must be considered for all we.
within the area of review. Therefore, each of the thre

wells should be analyzed on an individual basis using t
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developed thedry. After individual analysis it 1is

apparent that well number 121 is capable of allowing £lu

to migrate up its well bore. If records indicate that
well number 121 vas properly plugged no corrective actic

would be required prior to conducting the proposed waste

injection operation.

Conclusions
1. The costs assoclated with record ssarches and field
surveys undertaken to deternine the plugging history of
abandoned wells can be avoided if the wells lie outside
the area of revievw determined by the described procedur:
2. The costs associated with plugging abandoned wells
located ocutside the calculated area of review can alsc
avoided.
3. Since the pressure cone resulting from the injecticn
operation falls off quickly the size of the area of rev
is extremely sensitive to small pressure differences at
large radial distances from the injector.
43. The number of abandoned vells which fall inside the
area of review can be reduced by varying injection wel.

locations, injection rates and the injection formaticn

NOMENCLATURE
0 - Dianeter cf the well bore {(in)
Dmax - Maximum bit diameter {in)

Gs - Gel strength (lbs/100 Ft?)



h - height of mud column (pe)

ry - well bore radius (in)
ps - formation pressure (Psi)
. Pg - gel strength pressure (Psi)
Py - Static mud column pressure (Psi)
Py - air pressure (Psi)
W - weight of the mud column (16s8)
p - mud density (1bs/gal)

Pm = minimun oud density (lbs/gal)

ey



CHAPTER II
BACKGROUND
The Environmental Atmosphers

ohe rapid rate of industrial developenment that
exists in a highly industrialized country like the Unite
States has given pirth to a myriad of environmental
problems which resist time and linger to haunt man for
decades. Por example, the extensive use of polych-
lorinated biphenols (PCB's) as a cooling nedium in
electric transformers and capacitors presents a current
problea which remains to be solved. The widespread use
pCB's has resulted in the digtribution of millions of
gallons of nonbiodegradeable, carcinogenic waste in trar
formers located in our factories, schools, office
buildings, and noighborhoodn. Many of the transformers
are leaking and the public is unknowingly being exposed
the carcinogenic wvaste. gxtensive use of the insectici:
pDDT and the insulating material asbestos has presented
similar environmetnal hazards. An environmental dilemm
exists in the case of PCB's and other hazardous wastes.
Pnvironmental groups have strongly opposed the establics
ment of hazardous waste disposal sites within their
geographic area of interest. The proposed disposal si
would utilize advanced technology to provide the best

16
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maans of disposal presently available. Without the

-

ostablishment Of the needed uaste disposal tacilities |

vastes will remain interdispersed throughout the populact

where they pose 2 greater risk to man and the environmen

1t beacomes apparent chat the government, industry and th

general pubiic must cooperate and pool their rescurces i

a logical and acceptable course of disposal action is <O

be pursued. The tozal dominance and inflaience of one

interest group over another may destroy the oalance

required to allow growth and developenment 30 continue
while minimizing any adverse impact on the environment.
The well managed and organized efforts of envire
mentally conscious organizations have increased the put.
avareness of the dangers vhich resulz from the imprqi%;
disposal of nazardous waste. These efforts and extensi
media coverage of the environmental catastrophies resul
form the improper disposal of hazardous wastes (L. e. L
canal in Nlagara ralls, New York) have fusled the proli
feration of federal, state and local regulations desigr
o protec”. nan and the environment. These regu) “~ions,
which govern all aspects of hazardous waste disposal,
necessitate considerable capital jinvestuents by indust
{n their efforts to attain compliance. Although few C
diepute the need to ragulate hazardous waste disposal,

some of the regulations promulgated towards this end :

.............
...............
..........................
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pe questioned. Scme requirements appear to be oredicatec

on political, social or historical preferences OC pcac-

tices, rather than evolving from sound engineering and

scientific principals which provide a neans
This approach has resulted 1iI

of verifica-

tion and/or justificaticn.
the unnecesssary expendature by industry of funds to gait

compliance with the regulations.

The Goal of Industrial Waste Disposal Requlations

The primary goal of the hazardous waste regula-
rions which govern the disposal of liquid hazardous wast
is to protect underground sources of drinking water. Th
originators and enforcers of the regulations must not
loose sight of this goal. The regulations should be
enforced i~ a mannet which allows the waste generator te
utilize the most advanced wvaste disposal technology
available if it can be demonstrated that the technology
provides the best environmental alternative for disposal
When more than one disposal option can be pursued, the
regulatory igenciel should encourage the generator to P
sus the best environmental optisn. The regulations sho
not be so restrictive that they eliminate the waste dis
sal option which presents the least potential fcr con-

vamination of ground water sources of drinking water.
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Ligquid Waste pisposal Options

Bioclogical rreatment, Incineration, Qff-site

pisposal, On-sits Landfill, Surface fapoundment, and

subsurface Injection are 1iquid waste disposal options

available to the wvaste generator. surface impoundment
(evaporation) is the most common and frequently utilized

nmeans of disposal for liquid hazardous waste. Annually,

Texas generates and disposes of 13.3 billion gallons of
industrial wvaste in surface inpoundncnts.l Since few of
the impoundments are lined, the potential for con-=
tamination d! ground water sources of drinking water is

high. Even those evaporation impoundments located on low

o,

3

rmeability clays present a contamination risk since noc &

pe
natural material is impermeable. The cost of modifying

existing impoundnent facilities to eliminate the con-=
camination risk and/or to comply with regulatory require-
ments is prohibitive. To eliminate the risk other sources
of disposal must be pursued. A preliminary study of sur-
face impoundments examined 85 case histories of ground
vater contamination resulting from surface inpoundment . ?
The study emphasizes the risks that result from utilizing
surface impoundment disposal methods.

To eliminate the contamination which is inherent

with many of the existing surface impoundments it has

hecome necessary to pursue alternate means of hazardousf”.
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A disposal means which has gained in

the subsurface

waste disposal.
popularity during the past four decades is
disposal of wastes by injection into subsurface formation
containing salt vater. subsurface injection removes the
waste from the biosphere and confines it in deep geologic
sormations. Since 1961 over 42 billion gallons of waste

has been disposed of by subsurfacs injection in Texas

alone.}

Summary
As of 1973, 20% of the total United States wvater

needs have been fulfilled utilizing ground water. Groun
water fulfills more than 85% of the public water needs i
several states (Mississippi, Florida, Nev Mexico, Idaho
and Hawaii).3 This heavy dependance on ground water as
source of drinking water demands every effort to protect

the remaining ground water aquifers from sources of con-

ramination. Once the aquifer 1is contaminated, methods
available to return it to an accesptable level of water

quality are not presently econcaically feasible.d

Where geclogic and engineering studies indicate
that a prospective site {s suitable for subsurface inje
tion, this method of hazardous waste disposal should be
pursyed. Pew Cases of ground water contamination

resulting from subsurface injection operations have bee
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documented. Technological advances and more restrictiv s

vaste injection regulations have virtually eliminated the
potential sources of contamination which presented
problems in the past. gubsurface injection has demonstra~
ted itself to be an effective means of hazardous waste
disposal. Regulatory actions tha® climinate subsurface
injection as a econcaical means of hazardous waste dispo-

sal will adversely effect the quality of ground water
either directly or indirectly.
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CHAPTER III

DETERMINING TBE AREA OF REVIEZW FOR INDUSTRIAL WASTE

DISPOSAL WELLS

Introduction

puring the course of the past four decades dispo

sal of hazardous vastes by means of subsurface injection

has emerged as an ascceptable alternative to surface disp

sal methods. At present, subsurface injaection igs con-
ducted at more than 300 industrial waste disposal wells
located at several geologically favorable sites throughc
the country. The largest concentration of industrial
waste disp.ia. wells is along the Gulf Coast of Texas.
rigure (7). The majority of the wealls indect waste intc
zones located below ground water sources of drinking wat
at depths between 3000 and 7500 feet. The disposal wel!
are designed to inject into sedimentary formations,
approximately 62% of which are sand formations and 34% ¢
which are limestone dolomite.5 The sedimentary basins
which provide deep reception formations containing brin
may also contain shallower formations saturated with
ground water suitable for drinking. Since most indust:
sites are located within or near densely populated are:
which may rely heavily upon undergroundd sources cof
drinking vater, precautions must be taken to ensure th.

22
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PIGUAE 7. Location of waste disposal vells
in Tezas (Prom Kentl)
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the waste injection cperations 40 not contaminate the

overlying formations containing drinking water.

In compliance with the Safe Drinking Water

Act,6 The Environmental Protection Agency (EPA) has deve

loped minimun requirements for state operated programs

designed to regulate the subsurface disposal of industri

waste by injection. This effort is designed to protect

underground sources of drinking water from endangerment
resulting from underground injection operations. The

rechnical criteria and standards for use by the states i

' the developement and implementation of their state

Underground Injection contzol (UIC) Programs were pro-~
mulgated by the Federal Register on 24 June 1980.7 Tex:
vas the first state to have an injection well regulator!
program and to a large extent the Pederal UIC Program wi
patterned after the Texas guidolincs. The Texas
Department of Water Resources (TDWR) recently promulgzc
the Texas UIC prograz.! The prograa establighes the st
dards and technical criteria which +ill govern subsurfa
disposal of industrial waste in Texas. Appendix A
discusses the standards and criteria establishes by tht
EPA and TDWR.

Several potential sources of groundwater con-
ramination may develop during the life of an injection
operation. Potential sources include: 1) failure of

injection well, 2) faults or fractured confining zone,
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3) upward migration of wastes via the abandoned well bores

the prospective injection zone. An ade-

should eliminate the possibi-

which psnetrate

gquate hydrogeoclogic survey
lity of injecting into excessively faulted zONEs and/or

zones with fractured confining rock. Proper design,
installation, maintainance and monitoring of the injection
vell will virtually eliminate the injector as a source of
contamination. The potential for upward migration of
wvaste via the abandoned well bores howvever, requires
further 1nvcs:iqa:ién.

mhis report revievs the criteria which apply to
contamination which may result from the rmigration of
native formation £luld and/or injected vaste up the aban-
doned well bore. A procedure is presented to deternine .“y‘
which abandoned wells should be reviewed to determine 12 -
corrective action is necessary to prevent the con-
ramination of ground water sources of arinking wator whicn
may result from upward migration in the abandoned well
vwore. The procedure ls readily applicable in the Gulf

Coast Arsa and can be adapted to other areas as required.

Critoria‘ﬂhich Apply to Abandoned Wells

Defining the Area of Reviev
The EPA and TDWR have promulgated regulations

defining the area of review for an injection well or a

group of utlls.7'3 The EPA defines the area of review to
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be the zone of endangered influence or a radius of Jg =

vhich ever is less. Where the zone of endangered

{nfluence is the area outlined by a radial sweep around

injection well, £ield or project where in the pressures
the injection zone may cause the migration of the injec

and/or formation fluiad into an underground source of
drinking water. The computation of the zone of endange
influence may be based on appropriate equations for
pressure caleulations and/or msodels and shall be deter-
mined for the life of the injection well system. The 1
defines the area of review for industrial waste dispos:
vells as a radius of 2)2 miles or an area of lesser rac
{f so deternined by the TDWR. The minimun area of rev:
alloved by the TDWR shall not be less than a V4 mile r:
distance from the injection well.

References (9) and (10) indicate that the TDWR uf
1ized a formation pressure increase tolerance of .0l o
.015 psi/ft at well depth %o calculate the pressure re!
tance in an unplugced absndoned wells. If the formati:
pressure does not exceed the pressure increase toleran
at a given abandoned well then the area Sf review may

reduced to exclude that well. The tolerance does not

sider the characteristics of the £luid which occupies

abandoned well bore.
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gignificaace of the Area of Review =

The significance of the area of review is that T
regulationi require wells within the ares of review, which
are not adequately plugged and which as a result of injec-
tion operations may cause contasination of subsurface
sources of drinking watec, to recsive corrective action

adequate %O prevent such contaminaton as 3 condition oc

the underground indjection ocperating permit.

The required corrective action is usually the
plugging of the abandoned wall with cenent. Since
plugging wells can represent an extensive capital invest-
meant, aﬁ adegquate definitiocn of the area of review becone:
an important econcmic factor which must be considered‘%%f:
the waste injection feasibility study is conducted. 1%
area vas fully developed as a result of oil and gas
exploration the area defined by a 2)2 mile radius would
contain more than 300 wells. The cost of locating and
plugging that number of wells would be prohibitive.

The Texas UIC regulations? requira the subsurface
disposal well permit applicant to submit a technical
report with the application for permit. The information
required in the rechnical report that relates to the arei
of review includes:

1) A map indicating the location of the proposed
injection well and the applicable area of review

Within the area of review, the map must show
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number, or name and location of all produvcing
w;lls, dry holes, surface bodies of water,
springs, mines, quarries, water wells and other

pertinent surface features including residences
and roads:

2) A tabulation of ressonably available data on all
wells within }2 mile of the injection well and al.
wells within the area of review which penetrate
within 300 feet of the injection zone. The data
shall 1nciudo a description of the type., construc
tion date drilled, ljocation depth, record of
plugging and/or completion, and other information
of each well as vequired;

3) Maps and cross-sections indicating the general
vertical and lateral limits of those aquifers
within the area of review that contain water with
less than 3,000 mg/l Total Dissolved Solids (TDS)
and those that contain water with less than 10,00
mg/l TDS, their positions relative to the injec-
tion formation and the direction of water move=
ment, where known, in each fresh water agquifer
which may be affected by the proposed injection.
The cost of obtaining and preparing the above

required information could represent a significant perce
tage of the initial costs associated with the proposed

subsurface waste disposal well. Thus the magnitude of t
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effort required to prepars the permit application and

rachnical report is controlled to & large degree by the .

determined area of Tev'ev.

mheoretical pescription of the Pressures

Acting at the Abandoned Well Bore

piscussion
The vast majority of the artificial penatrations

which intersect potential injection aquifers are the
result of oil and gas exploration and developenent.
sherefore, it is logical to conclude that a means of ade-
quately defining the area of review may lie in an
undezstanding cf the principals and practices which govern

drilling and well completion cperations. ,n%
The rotary drilling method is predominately uei- d

lized in the drilling of oil and gas exploration and deve-
lopment wells. This drilling method is dependant upon the
use of a drilling £luid (mud) which performs several func-
tions which are vital to the method. Appendix B provides
a brief discussion of the importance of drilling fluid to
the rotary drilling method. Upen completion of the
drilling cperation i{f the well is not completed for pro-
duction, the drill string and Wit are removed from the
vell bore. Drilling mud will remain in the well bore.

Since no means of escape exists, provided lost circulation
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zones were not encountered, the drilling mud used ©O dril

the well will remain in the well bore indefinately.

tmportant Drilling Mud Characteristics

One of the primary functions of the drilling mud
is the removal of bit cuttings during the drilling copera-
The mud must remove the cuttings from beneath tne

m up the well bore-—drill pipe annulus

tion.

bit, transport the
and release them at the surface. During periocds of

suspended circulation, the primary mud property which act

to suspend the cuttings in the static mud column is the
mud gel strength. The gel strength develops with time a:
the mud cclunn remains gquiescent. Since the bouyant for!
of a static :iuid increases with density, drilling fluid
pt higher density are also capable of suspending cutting
during periods of ncn—éirculation. The density of the m
also accomplishes another important function, that of

controlling enccuntered formation pressures by providing
static mud column which is capable of exerting sufficien

pressure to prevent the inflow of formation fluids into

the well bore.

Pressures at the Well Bore

An abandoned well bore can be considered = exi
in a static state. For a static state to exist the for
which act on the mud column must balance. Figure 1 rep

sents a vertical force diagram of the static mud columr



an abandoned well bore. The equation for the force

balanca§takes the following form. :1;
w+ 2%Tuh GS = P¢ Te,l - Pe LR (1-.
where v = Tty 27h

simplifying the force balance -gsults in the

following pressure equation,

ps = Th + 4hGS (3-

D
Freassure Generated bY the Static Mud Column

The hydrostatic lav of variance of
pressure can be written in the form,

Pu Yh (3'

Where: h denctes the height of the
' l1iquid column, £t P denotes t!
pressure at the base of tﬁ*ﬁg
vical liguid column of height
1bs/gel
Y denotes the specif.c weight
1bs/gt3
Equation 3-2 can be transformed into
following usable field egquation:
Py = 0.052 °h (0
Where: the contant 0.052 has the
anits gal/fz-in2
? denotes the density of

drilling mud, lbs/gal

h denotes the height
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static mud column, £t

Ps denotes the static mud

column pressure, psi

essure Required to Break the Gel strength of the Stat.

Pr
Mud Column and InI:iato Flow

Most oil and gas wvells are drilled gtilizing wa

base drilling £luids. When these £fluids remain in a
quiescent state 2 gn; structure developes. The strengt
of this structure is important since the formation
pressure would have to increase sufficiently to shear &
structure befcre the mud in the abandoned well will flo
freely. Melrose, et alll defined the pressure gradient

required to rupture the gel strength and initiate flow

> horizontal pipe as:

4P = 4GS o (3
h D

pquation 3-4 can be converted to the folloviﬁg

usable field equation:
Pg = 3.33 X 10-3 Gsh (
o

Where: The constant 3.33%x10-2 has the units f
nh denotes the height of the static mud
colunmn, £t
GS denotss the gel strength of the
drilling mud, lbs/100 £t (Gel streng’
pressure, Psi)

D denotes the diameter of the abandon
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= well bore, in Pg denotes the pressurgfﬁ
required to break the gel struc‘ture anc:
initiate flow in a horizontal pipe syste
vhere gravity effects are negligible

Formation Pressure Rise buring Injoction

The well life formation pressure (Pg) which
results at a radial distance r from the injection well a
time t after the start of injection of a small and
constant compressible fluid at a constant rate Q
throughout the 11!‘ of the well into an infinite, isotro
pic, homogeneous, horizontal reservoir of uniform

thickness and porosity is well approximated by, 12,

pg(r, t) = Pi - Qub 31(— ucr.?.) 3=
Appendix C provides a definition of the terms of equatic

3-6 and demonstrates the derivation of the equation from

the diffusivity equation.

Pressure Theory Summary

The area of review may theoretically be defined
the radial distance from an injection well where in:

The formation pressure is greater than the stat
mud column pressure + the gel strength pressure of the
static mud column which occupies the abandoned well bor:

Pg > Pg + Pg (3
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rield Procedure for Determining the Area of Review

Introduction

This section of the report promulgates 2 general
procedure vhich can be utilized to determine the area of

reviev for a proposed subsurface injection disposal cpera-

tion. The procedure employs the developed thecory to

determine which abandoned wells must be reviewed to deter-

mine if corrective action is required. The corrective
action is regquired to prevent the contamination of
£ drinking water which could result

underground scurces O
from the migration of waste and/or formation fluid up the
abandoned well bore. Application of the procedure during
the initial planning stages of a proposed injection opera-
tion could play an important role in the decision making
process. The variations and options provided by the pro-
cedure will allow planners the flexibility of varing the
injection rates, well locations and other pertinent fac-
tors to insure that the required injection operation can

be accomplished without the expenditure of funds to physi

cally locate and/or correct abandoned wells unnecessarily

Assumptions

1.) The static mud column extends to the surface anc

is uniform in density.

2.) Abandoned well bore diametars used in calcula-

tions are equal to the bit diameter plus two



3.)

4.)

5.)

6.)

inchzs where rit refers to that used tO drill

nole at the depth of the injection formatirﬁ%

The gel strength applied to all wells is 20

1bs/100 rt2

Injection pressures will not exceed the fractu
preasure of the injection formation.

Xnown abandoned wells for which no data are
available will be assigned the minimum nud den
sity and the largest bit diameter noted fcr.al
vells within a 22 mile radius of the injector
None of the abandoned wvells were completed and
produced.

All pressures are calculated at the top of the

injection formationm. pe)

All abandoned wells were drilled with wvater” o
muds., {(fresh water, salt water, oil-in-water

enulsions and surfactant muds).

9.) None of the abandoned wells wers plugged.

Jueiification of Assumptions

.....................

1.) OUpon entering some abandoned wells it has bee

noted that segregation of the nud components
occur with time. A sedimentary process
apparently occurs to some degree within the s
tic mud column. Data describing the degree t

which sedimentation occurs is not readily

-------------------------
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2.)

available since the phencmenon has received
1it=le attention. 1f segregation of the rmud
column occurs the mud density will increase wit
depth. 7The actual characteristics of the densi
gradient is not known since it would vary with
the mud type, composition and the characteristi
of the formation drilled. Since the mud has nc
means of escaps from the well bore the assumpti
that the mud column has a constant density with
depths should result in the calculation of a st
tic mud colum pressure at the depths of concerr

which varies little, if at all, from the actual

pressure., Here again the gel structure would !

.expected to increase with depth because of the

deposition of the gel producing particles at t!
lower portion of the well bore. The assumptiot
of uniform mud consistency provides ‘the only
means of calculating the gel strength pressure
since the variations of gel strength with mud
segregation in abandoned walls are not known.
The gel strength pressure (Pg) is inversely pr
portioned to the well bore diameter, therefore
compensate for the larger surface casing the
effective diameter of the abandoned well bore

will be the bit diameter used %o drill the hol



at the depth of the injection formation plus U
N -
inches. L

3.) The justification for selecting 20 1bs/100 Ft?

as the expected minimun gel strength for all
g water base muds is discussed in Appendix D.

6.) If an abandoned wvell vas completed and produce
the fluid occupying the well bore will be a li
#luid without gel strength and the procedure
described here would not apply.

8.) Because of the lack of gel strength associatec
with oil-base, air and gas drilling fluids wel
drill?d or completed with these fluids should

) evaluated by alternate procedures.

9.) Considering all wells to be unplugged allo'™» -

gl
pressure calculations to be conducted on thc !
tic mud column in each abandoned well bore in

o~ ' equitable manner for all wells.

er : Example

Appendix E is an example which correlates with

3

fﬂ procedural steps presented below. The example represe
e s two well injection system which is injecting intoc a
i‘ with characteristics selected to emphasize the procedl

The abandoned wells represent an actual field orientat

gV, W, e
by .- L] ’ *

o’
1]

and the mud densities and pit sizes utilized were obti

from the well logs for the various vells.

. f

v

B X
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Step 1

-The first step in the procedure is obtaining the

information required to calculate the pressures. Table 2

1ists the subsurface information required and the means b

which it can be evaluated. An effort to attain well logs

for all abandoned wells within a 22 amile radius of the

proposed injection well or wells should ensue. The

appropriate state regulatory agency for oil and gas
exploration should be contacted for assistance in

obtaining well logs or a commercial log library can be

contacted.

Step 2
Upen completion of a thorough investigation to

locate all abandoned wells within the 212 mile radius of
the injectors, the abandoned well locations should be
accurately indicated on a suitable map. An gpp:opriaté
grid system which indicates the distance, in feet betwee:
the abandoned wells should then be superimposed over the
map. The grid system provides a means by which the rela.
tive distance between the abandoned wells and the injec-
tion walls can be determined so that the pressures

resulting from the injection operation can be evaluated

each abandoned well.
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TABLE 2.
SU‘BSUTLPAC! INPORHATEON RE@;ED POR PRESSURE CALCULATI\.".""’“E:;;.
LF

PRESSURE INPORMATICN METHODS AVAILABLE

CALCUL‘TED DESIARED PCR_EVALUATION

Core analysis, electric, so

Porzation Porosity
Aaae_:!sigzssﬁzz_lesz_______

Permeabllity core nnnly:is.buildup.drasd
or injectivity tests or
electriec Jogs

Pormation fluid Drill sten test . hydrostatic

preasure pressure gradient, pressure
bomb

Pormation electric logs, sonic loss,

thickness radicactive 15£3
Pormation depth elsctric, sonic and

radiocactive logs

Scatic sud Mud densit we r headers
column

Pormation depth ssaao as above)
Gal strength Bit size well log headers

Pormation depth (saze as above)
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Step 3
Utilizing the information gathered in step one,

the formation, static mud column, and gel strength
pressures are calculated. The formation pressure calcu-

lated must represent the injection formaticn pressure at

the end of the stated 1ife of the injection well systen.

A computer program INJWEL (Appendix P) was developed tO

calculate the required pressures. Use of ti.e program is
demonstrated in the example contained in Appendix E. The

program calculates the formation pressure. static mud

column, and gel strength pressures up to a radial distanc
of 13,000 feet (approx. 2)2 miles) from the injector. T
program also generates an X-Y Plot of the formation, sta-
ric mud column, and static mud column + gel ‘strength
pressures as a gunction of the radial distance from the
injection well. The x-¥ Plot graphically approximates
the azea of review by indicating the radial distance fror
the injector where the static mud column + gel strength
pressure exceed the formation pressure. Since most wast
injection operations utilize more than one injection wel
the program can be used in these instances by assuming
that the combined flow rates of all injectors is input
into one well. Since the wells are usually located rels
tivelv close together this assumption should provide a

realistic approximation of the area of review. The

program is designed to calculate the formation pressure
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geilizing an input flow rate OF bY determining a maximgm
™

allowable flow rate utilizing an input formation fracy Y

pressure.
The static mud column pressure calculated bY

INJWEL depends on the mud density.

Peg ™= 0.052oh (3=:

ud density varies with each abandoned
To

Since the m
well, the static mud column pressure will also vary.

define properly the area of rcéicv {t is necessary to tal

the extreme case where Py is a minimun. Therefore the

density to be gtilized in the static mud column pressure

calculation must be the lovest density racorded in the

abandoned wells within a 2} mile radius of the injectcr

Equation 3-3 can be modified to yield the appropriatuw;

equation:

Pg = 0.052 omin h (3=

The gel strength presure calculated by INJWEL it

inversely proportional to the diameter of the abandoned

well. Since the diameters of the abandoned wells vary,
proper definition of the area of reviev requires the us
of the ainimun gel strength pressure calculated in the

abandoned wells located in the 2}2 mile radius of the

injectors. This minimun theoretically will occur in th
abandoned well drilled with the largest bit size at the
injection formation depth. Equation 3-5 can be modifie

yield the appropriate equation:
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pg = 3.33.% 10-3 Gsh (3-9)
Dmax

Where: D may denote the largest bit diameter at

the injection formation depth plus two inches.

Step 4
mhe information cbtained in step two is utilized

in this step to determine the formation pressure at each
of the abandoned wells for the specified time period. The
formation pressure is ecalculated by utilizing a computer
program PRES (Appendiz (G)) which has undergone some
FORTRAN modification from the original program develcoped
by Carter.l3 The program determines the formation
pressure at each abandoned well at specified time periods.
For use in calculating the area of reviev the time must
equal the life of the injection well ov walls, Although
an average injection rate would suffice, the program is
capable of determining the formation pressure at a spe~
cified time for wells injecting at varing rates. The use
of PRES is demonstrated in the exanple contained in Appen-
dix 2. In addition to calculating the pressures at the
abandon;d wells PRES also generates an X-Y Plot which lo-
cates the injectors and the abandoned wells on an appro-
priate grid system. The x-Y¥ pPlot also contains an isobar
which represents the static mud column + gel strength pre
pressure calculated by INJWEL in step three. This isobar

fines the area of review. Inside the area encbmpassed By



i
a
|
|

43

isobar the formation pressure exceeds the static mud

column + gel strength presure and the potential for ¢o i

vamination of underground sources of drinking water DbY

migration of injection and/or formation £luid up the aban-

doned well bore exists. The X=X plot graphically defines

the area of revievw and clearly delineates the wells which

£all within the area of review and will require further

examination.
INJWEL and PRES both provide means of calculating

the required pressures and utilize the pressures to
graphically display the area of review. INJWEL relates

the pressure cone which results from the injection opera<

tion and it ~learly displays the rapidity with which the
pressure falls off with increased distance from the wgg%
The cone demonstrates the sensitivity of the area of
review to small pressure changes at large radial distance
grom the injector. In other words a small variation in
the static mud column plus gel strength pressure at large
radial distances can result in a big variance in the are:
of revievw defined. PRES provides a graphical represen=
ration which requires 1ittle explanation. The area of

reviev is clearly defined with respact to the injection

wells and the abandoned wells.
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Step S

1f after completing steps onn through four 1t i
found that all wells contained within the static mud
column plus gel strength pressure isobar, the area of
review, have a mud density greater than the density used
calculate the static mud column pressure in step three

to
tie mud column pressure should be recalculate

then the sta
using the minimun mud density obtained for all abandoned
vells within the area of reviev defined by steps three ar
four. Should all abandoned wells within the defined are:
of review have a bit size at the injection formation les:
than that used to calculate Dpax in equation (3-9) then
gel strength should be recalculated utilizing the larges
bit diameter encountered in the abandoned wells containe
within the iscbar defining the area of review in step
four. This iterative process can be repeated until the
vells contained within the area of reviev have the sane
gel strength and static column pressure as'dotermined in
the previous iteration. Once the iterative process is
completed the area of review defined is the true area of

review for the particular injeciton well system in
question.
Step 6

Step 5 defines the area of review for the propo

injection operation. Reference 8 requires that correc-
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tive action be taken on all wells within the area of

.

revievw whlch are inadeguately constructed, completed, S

g

abandoned and which as a result of the injection activity

may cause the pollution of fresh wvater. gtilizing the

develcoped theory it is possible to evaluate each abandoned

well within the area of review On an individual basis to

determine if the injection activity will cause interforma-

rional fluid tranafer at that particular well.

Utilizing equations (3-8) and (3-9) %o avaluate each well

it is possible to determine those wells which present a

pollution problem. Those abandoned wells where
Pf)Ps+Pg should be reviewed to determine if corrective

actién is necessary.

(e

it

Step 7
Once the wells requiring corrective action are

identified the act.on should be inetiated. The EPA and
TDWR standards 7+8 for action required to prevent pollu-
tion of ground wvater sources of drinking water indicate
that corrective action shall consider the following
factors:

(1) Toxicity and volume of the injected waste;

(2) Toxicity of native fluids and by-products of

injection;
(3) Population potential affected;

(4) Geology and hydrology;
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(5) Completion and plugging records:

(-6) Abandonment procedures in effect at the time 2

well is abandoned; and

L

(7) Bydraulic connections with fresh water.

. Normally corrective action should involve the
location and re-entry of the well and proper plugging in
accordance with the Texas Railroad Commission rules and

regulations. In scme cases this may not be possible due

to inability to locate the vell site or because construc-
tion has covered the site. In these cases two options
are: (1) lower the injection volume so that lower
pressures will occur or {2) 4rill a nearby monitor well i:

the drinking water SoOurce.

Summary

The heavy dependance on ground water for daily
nezds Jdemands that every proéaution be taken to protect
the remaining supplies. Subsurface disposal of hazardous
wastes by injection is an alternative which provides for
the protection of subsurface sources of drinking water.
Subsurface disposal presents less water pollution poten-
~ial than the commonly utilized surface disposal methods.
Economic conditions must be favorable to subsurface inje«
tion before waste generators will consider it as a viabl:

waste disposal option in geologically favorable areas.

The cost of compliance with the UIC program regulations
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may be the deciding factor when the costs of disposal

options are evaluated. The extent of corrective action

required within the area of review could represent a

significant portion of the costs required to comply with

vhe disposal option sslected and the
¢ fresh

UIC regulations.

resulting impact potential on underground sources O

water may be controlled by the size of the area of review.

Therefore, it is necessary to have a procedurs which will

ensure the protection of ground water while eliminating

unnecessary expendatures for corrective action.

Conclusions

The following conclusions were drawn from the

results of thls investigation.
1.) The costs assoclated vith vecord searches and field

L

surveys undertaken o determine the plugging history of i

abandoned wells can be avoided if the wells lie outside
rhe area of revievw determined by the proposed procedure.
2.) The costs associated with plugging abandoned wells
located cutside the calculated area of review can also be
avoided.

3.) The procsdurse minimizes the cost of locating and
plugging abandoned wells since it allows the user to
reduce the number of abandoned wells located within the

area of review by varing the well locations, the selectior

of injection formation and flow rates.
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4.) Utilization of the procedure to determine the area of

reviev should present no risk to subsurface sources of

drinking water since the procedure considers all abandone

vells within the 2)2 mile radius
utilizes the data obtained to design for the worst

of the injection wells 2

possible conditions.

S.) The area cof review determined will decrease as the

depth to the injection formation increases. Thus where

equivalent injection formations exist injection into the

deeper formation will result in the smaller area of revie

deternmination.
§.) The 20 1b/100SF gel strength utilized for the determi

nation of the gel strength pressure represents the minimt
ultimate gel strength expected to be encountered when ev?
luating abandoned wells drilled with water-base drilling
fluids.

7.) The procedure described can not be appligd to zones ¢
lost circulation or to abandoned wells drilled with muds
that do not exhibit the thixotrophic property of gel
strength.

8.) Since the pressure cone resulting from the injection
operation falls off quickly the size of the area of revi
varies greatly with small pressure changes at large radi

distances from -he injectors.



Recommendations

The following recommendations are offered in é;uk

affort to better define the area of reviewv for hazardous

waste disposal wells:

1.) That the procedure ocutlined in the previocus sections
pe utilized to determine the area of review for hazardous
waste disposal wells.

2.) That research be undertaken to determinme the long
term effects of bore hole conditions on the gel strength
of water-base drilling fluids.

3.) That research be undertaken to detarmine the degree O

component segregation which water-base muds undergo while
remaining quiescent in the bore hole for long periods of
time. | ' 0
4.) That other procedures utilized to determine the ar:;
of review consider the characteristics of the drilling

fluid which occupies the abandoned well bore.
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STANDARDS AND TECHNICAL CRITERIA APPLICABLE T

7O INDUSTRIAL WASTE INJECTION

The regulations pro-ulgatgod by the 24 June 1981

Federal Register were proposed under the authority of the

safe Drinking Water Act and are designed tO protect the

quality of underground gources of drinking water from con

rapination which could result from the injection of waste

fluids into scbsurface formations. The regulations

established the technical criteria and standards for use

by states and thc-zrh in the developemant and implemen-
cation of state UIC programs. The regulations promulgate

by the 24 June 1980 Pederal Reglster do not etablish

requirements Zor owners O operators of injection wel
They establish requirements for state and EPA officials
be used in developing the state UIC programs which, when
they become effective, will in turn establish enforceabl
requiremnts for owners or operators of 1njcc£ion wells.
The Texas injection well act incorperates the

standards and technical criteria promulgated Dy the 24 J
1981 Federal Register into the Texas UIC program. Since
large percentage of the wnsti injection wells in operati
in the United States are located in tho'Staee of Texas,

provisions of Injection Well Act will be reviewed to PpT!

51



E

52

an overview of the standards and technical criteria which

apply to the owners and operators of industrial waste

disposal wells within Texas. UIC programs will vary from
state to state but compliance with the Pederal Regiscter
ensures that all programs must incorporate the same basic
standards and technical criteria.

The Injection Well Act requires owners and opera-
tors of industrial waste disposal wells to comply with the

following:
A permit Application - It is the responsibility of

the owner of a waste injection facility to submit

an application for permit; except if the facility

{s owned by one individual and operated by

another, then it is the responsibility of the

operator to submit the application for permit.

Bach application tbr peruit shall include the

following:

1.) Name, mailing address, and location of the
injection operation for which the application
is submitted;

2.) Ownership status as federal, state, local,
private, public or other;

3.) Operator's name, mailing address, and
telephone number;

4.) A brief description of the type of business

operated;



5.)

6.)

7.)

Activities conducted at the site which

b,

raquire a permit; a
statement of up to four SIC codes which L"il
describe the principal products or gervices
provided bY the facilitys

An appropriate map which shows the facility
and each of its intake and discharge struc-
tures. The map shall depict the approximate
poundaries of the eract of land to be used !
the applicant and shall extend at least one
mile beyond the tract boundaries sufficient
to show the following:

a.) EBach well, spring, and surface water

body within the map area; .

Lo
b.) The presence of public roads, town.' =7

the nature of developement such as res
dential, commercial, agricultural,
recreational, undeveloped OTr otherwise
within the map ared;

c.) The location of other waste disposal
activities conduct;d at the tract but
not included in the p.rmit'applicath

4.) The ownership of tracts of land withi.
reasonable distancn-ﬁron the proposed

injection point; and
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e.) Such other {nformation as reascnably
requested.
8.) A list of all permits or construction approvals
received or applied for under the provisions of
- other environmental protection regulations oOr
programs.
9.) Whether the facility {s located on Indian lands;
10.) A supplementary technical report. The report
shall be prepared by a régistered professional
engineer or other qualified person and shall be
submitted when requested. The report shall

{nclude the following:
a.) A general discription of the facility and

systems used in connection with the waste
injection activity.

b.) For each injection well:
{.) The injection rate of the disposal waste

%

stream, including appropriate averages,
the maximun rate of injection over repre
sentative pericds of time, and detailed
information regarding patterns of
injection; and

1i.) The physical and chemical properties of
the defined waste injection stream; che-

mical, physical, thermal, organic, bac-

L
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teriological, ©OF radiocactive, 23

~ applicable. ”T%

c.) Such other {information as may be reasoﬁ‘
nably required for an adequate
understanding of the project oOrT operatior

11.) Additional information as follows:

a.) A plugging and abandonment plan;

b.) A letter from the Railroad Commission of
Texas stating that the drilling of a dispo
sal well and the injection of the waste in
the selected subsurface disposal formation
vill not endanger or injure any cll or gas
formations.

H. Terms and Conditions of the Permit - Accaptafﬁe
of the permit by the person to whom it is iQQﬁi
constitutes an acknowledgement and agreement th
he will comply with all the terms and condition
contained within the permit, the rules of the
TDWR and any other orders {ssued by the TDWR.
conditions applicable to all permits issued unc
the UIC program are as follows:

1.) All reasonable steps required to minimize or

correct any adverse impact on the environment

resulting from noncompliance with the permit

must be promptly undertaken;
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2.

3.)

4.)

5.)

§.)

7.)

8.)

9.)

56

All facilities shall be properly operated and
maintained at all times;

The permittee shall provide to the TDWR, upon
request, copies of records required to be kept
by the permit;

The permittee shall notify the TDWR pricr to any
physical modificatlons which would require a
permit modification;

The permittee shall not begin any mofications
which would result in noncompliance with other
permit requirements without written approval
from the TDWR;

Within 24 hours after occurance, the permittee
shall orally notify the TDWR of any non-
compliance which may endanger health or the
environment. _

The permitted shall allow entry to and inspec~
tion by TDWR personnel as prescribed by Texas
law;

The permittee shall monitor and obtain samples
and measurements required to provide sufficient
evidence that the disposal operation is con-
ducted in compliance with the permit provisions
Monitoring results shall be provided to the TLW

at the intervals specified in the permit; and
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10.) The parmittee shall promptly submit facts or

57

" P

information to the TDWR {# it is noted that 8.

facts were omitted from the permit application,

or ware submitted incorrectly.

C, Conditions Agglicablo to Individual permits - The

fcllowing conditions will be determined on a

case-by-case basis.

1.)

3.)

vhe duration of the permit varies «4ith the
type of waste disposal cperation. Industrial
waste disposal (Class 1) wells shall be per-
mitted for a fixed term not to exceed 10
vyears;

The type, intervals and frequency of moni-

toring, recording and reporting shall be ;Qmﬁ
determined to yield representative data of
the disposal operation;

A schedule of compliance prosc;ibing a time-
cable for achieving compliance with the per-
mit conditions an appropriate regulations may

be incorperated into the permit.

D. Corrective Action - PFor wells within the area of

revievw which are inadequately constructed,
completed, or abandoned, and which as a
result of the injection operation may cause

the pollution of fresh water, the TDWR will

e



{ncorperate into the pernit conditions
requiring corrective action adequate to pre-
vent such pollution. permits issued for
existing injection wells requiring correctit
action may include a compliance schedule
prescribing the time within which the corre:
vive action must be completed.

D. Pinancial negponsibility - The permittee shall
obtain a psrformance bond or other equivalent
torm of financial assurance or guarantee approv
by the TDWR to ensure that closing, plugging an
abandoning of the injection cyeration is

accomplished in the manner prescribed by TDWR.

te

Surface Pucilities -~ The surface facilities ass
ciated with a hazardous vaste disposal well mu:
comply with the rules and regulations which are

applicable to hazardous wvaste management

facllities.

#. Record Retention- The permittee shall maintain

{

$ 1 ndyiv

-’
»o

all records concerning the nature and composit

-

A

-'“‘

of the injected waste until five years after

completion of the plugging and abandonment of

."E

: we 1l.

N

3. G. Site Identification and Access - Industrial wi

q disposal wells shall have the following:

ST
Sy s
it

L

L ]
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_la A posted sign at the well site which shall -,
show the name of the company, company well -
number and permit number.

2.) An.all-wcathcr road maintained to allow
access to the injection well and related
facilities.

3.) Painting and maintainance af the wellhead and
associated equipment to ensure proper warking

order without significant leaks.

g. Standards and Conditions Which Apply to Class
T or Industrial Waste Disposal Vells

1.) An injection well must demonstrate mecha-
nical integrity. An injectin well is sqid
to have mechanical integrity if there ‘ﬂﬁ%
no significant leak in the casing, tubing,
or packer, and if there is no significant
fluid movement through ve:tic@l fluid
channels adjacent to the injection
vellbore. The following tests shall be
conducted to evaluate the mechanical
integrity of an injection well:

a.) Monitoring of annulus pressure, Or a
pressure test with liquid or gas to
detect any leaks in casing, tubing,

or packer; and,
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b.) A temparature OrC noise log to detect
any fluid movement through vertical
channels behind the casing.

2.) Corrective action required to prevent or correct
pollution of underground sources of drinking
water shall consider the following factors:

a.) toxicity and volumea of the injected waste;

b.) toxicity of native fluids and by-products of
injection;

c.) population potential affected;

d.) geology and hydrology;

e.) history of the injection operation;

£.) completion and plugging records;

g.) abandoment procedures in effect at the time
a we.l was abandéncd; and,
h.) hydraulic connections with fresn water.

3.) The TDWR will certify construction and comple-
tion of an injection well or project which is
constructed and completed in compliance with the
requirements of a permit. To determine if such
certification will be made, TDWR shall consider
the following:

a.) logging and testing program data on the
well:;

b.) a demonstration of mechanical integrity;

¢.) anticipated operating data;
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4.) the results of the formation testing

program; :
e.) the injection procedure;
£.) the compatibility of injected waste with
formation f£luid in the injection zone and
with the minerals in both the injection and
confining zones; and,
g.) the status of corrective action required fc
abandoned wells in the area of review.
prior to abandoning hazardous waste disposal
wells the well shall be plugjed with cement in
manner which will not allow the upward migratic

fluids out of the injection zone either intc

e

Q
or between freshwater aquifers. At least 9@5%
days notice will be given the TDWR before the
plugging and abandonment commences in compl;anc
with an approved plan. Placement'of the cemen
plug shall be accomplished utilizing one of th
following aproved methods:

a.) the Balance Method;

b.} th

Dump Bailer Method; or

¢c.) the Two-Plug Method.

The adequacy of a plugging and abandonment pla
shall be determined by considering the
following:

PATH

a.) the type and number of plugs to be use i

o
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b.) the placement of the plugs;

c.) the type, grade and quantity of the plugging
material used;

d.) the method of placement of the plugs;

e.) the procedure used to plug and abandon the
well:

£.) any new information obtained on wells within
the area of raview;

g.) geologic or economic conditions; and,

h.) such other factors that may affect the ade-
quacy of the plan.

Within 30 days after completion of plugging, the

pernittee shall file a plugging report with the

TDWR.

All hazardous waste disposal wells shall be

cased and cemented “o prevent the movement of

fluids into or between fresh water aquifers.

sufficient cement shall be used to £ill the

annulus between the casing and the wellbore to

ground level. The casing and cement used shall

be selected to ensure that the final design is

adequate for the life of the wall. The minimun

depth of the surface casing will be determined

by the TDWR and will be selected to protect

fresh water formations. The following factors
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n specifying casing anqﬁ

shall be considered vwhe

cementing requirements:

a.) depth to the injection zone;

b.) injection pressurs, formation pressure,
wellbore pressure, and axial loading;

c.) hole size;

d.) size and grade of all casing:

corrosive effects of injected waste, for-

mation £luids, and tempearatures;

£.) lithology of injecticn and confining
intervals;

g.) types and grades of cement.

All hazardous waste disposal wells shall inject

¢hrough tubing with either a packer set aboﬂﬂzg

the injection zone or a fluid seal system

approved by the TDWR. Tubing, packers or £luid

seals shall be selected gtilizing the following

considerations;

a.) setting depth; characteristics of the
injected waste;

c.) injection pressure;

d.) annular pressure;

e.) rate, temperature, and volume of injected

waste; and,

£.) size of casing.
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7.) Appropriate logs and other tests shall be

completed during the drilling and construction

stages of the hazardous waste injection well.

A

minimun of the following logs and tests shall be

conducted:

a.)

b.)

8.)

deviation checks)

Spantanecus Potential (SP), resistivity or

Gamma-Resistivity, and caliper logs before

the surface casing is installed;

SP, resistivity or gamma-resistivity, and

caliper logs before intermediate and long

string casings are set and a cement bond

log, a gamma-ray log and an inclination

survey after casing is set;

d.) pressure testing of all casings;

e.) full=hole cores of the injection zone
and lowvermost overlying confining zone;

After completion of the well, injectivity

tests shall be performed to determine the

wall capacity and reservoir characteristics.

The following operating requirements are

imposed:

a.) Injection pressure at the wellhead shal.
be limited so as to assure that the
pressure in the injection formation

during injection will not initiate new
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b fractures Or propagate existing frac ™
tures in the injection formation; '
b.) Injection outside the outermost casing

is prohibited.

"e.) The annulus between the tubing and the
casing shall be silled with a fluid
approved by the TDWR.

d.) Monthly average and instantanecus rates
of injection, and annual and monthly
volumes of injected waste shall not
exceed limits specified by the TDWR.

e.) The chemical and physical charac-

]
Y
i

teristics of the injected waste sha{kh

maintained.within specified permit

limts.

£.). The TOWR shall be notified if any '

AT

g workover operation or corrective main-
E tenance which involves taking the inje
g rino well out of service is

g contemplated.

g 10.) Monitoring requirements include the

;i following:

Eﬁ a.) Sampling and analysis of injected wast
:; with sufficient frequency to yield

% representative data of the characgem}:
B :

i 1 .alnte
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(ﬁ% o ‘ b.) Gauges so that the tubing and casing
annulus pressures can be monitored at
all times;

c.) The installation of continuous recording
devices to record injection tubing
pressures, injection flow rates, injec~
rion volumes, tuhing=-long string casing
annulus pressure, and any other spe-
cified data.

d.) The demonstration of mechanical

integrity at least every five years

| ' during the life of the well.

| ) e.) The monitoring of wells within the area

of review to observe vater quality and
determine if waste migration has
resulted.
11.) Reporting requirements are as follows:
a.) Prior to operating the injection wel.
the permittee shall within 90 days
after completion of the well submit
to the TDWR the following:
i,) A completion report providing th
drilling and completion history,
casing and cementing records,

well logs, injectivity tests per

;n
e

formed on the well and a sur-



b.)

C.)

d.)

e.)

£.)

6°
veyors plat showing the exact
location and giving the latitrﬂjﬁ
and longitude of the well.
ii.) A well data report on forms
supplied by the TDWR.
The permittee shall provide the health
and pollution control authorities of
the county, city and town where the
well is located with a copy of the

permit prior to start=-up.

The permittee shall notify the TDWR ir
writing of the anticipated well start-

up date.

Wwithin 20 days after the last day
each quarter the permittee shall file
a quarterly Report of

Injection Operation.

An Injection Zone Annual Report shall
be filled with the December quarterly
Report of Injection operation. The
report shall provide an updated repor
of the pressure effects of the injec-

tion well on the injection formation.

The permittee shall within 45 days

after completion of a test for mech



nical integrity provide the data an
an interpretation of the rgsults to
the TDWR.

g.) The permittee shall notify the Aust:
office of the TDWR within 24 hours «
any change in monitoring parameters

which could reascnably be attribute:

£o a leak or other falilure of the
vall equipment or injection formati
integrity.

h.) Within 60 days after the completion

of a workover, a report shall be

v e SPFPs
T TR

filed with the TDWR. During major

workovers the bottom pressure shall
be doﬁcrnincd.
12.) Record keeping requirements are as

follows:

a.) All monitoring required by the per-

mit, including continuous records

of:

i.) surface injection pressure,
ii.! tubing-long string annulus
pressure,

iii.) injection flow rate.

§
3
|
:
i

b.) Monthly total volume of injected

wastes,

s W K A
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c.) Periodic well fests of the following

™
{.) Injection fluid analyses, i

{i.) Bottom hole pressure deter-
minations, and
{i1.) Mechanical integrity

d.) All records shall be made available
upon request of a representative of the
TDWR.

@.) The permittee shall retain for & perioc
of three years from the date of record
records of all informaiton resulting
from any monitoring activities or othe

records required by the permit.
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At

drill string,

i THE IMPORTANCE OF DRILLING FLUID T0 P

THE ROTARY DRILLING METHOD

The Rotary prilling Method

The rotary drilling method employs a rotating

drill string, a series of casings ans collars, to apply a

force to a connected drill bit which interacts with the

rock being drilled. The force applied to and the rotating

action of the bit causes the rock to fail. A drilling

fluid is continuously circulated down the inside of the
out the nozzels of the bit, and up the annu-
lar space between the well=bore and the drill pipe to faci

l1itate the removal of the cuttings generated by the bit%ﬁ

As the drilling continues additional joints of drill B i
are added. When the bit bocouol dull the drilling mud
circulation is discontinued, the drill string is removed
from the hole, the bit is replaced, the drili string is
run back into the hole and mud circulation is restarted,
Once the mud is circulated to the surface it is diverted
through a series of ranks and pits designed to allow the
mud to release the cuttings {t has removed from beneath
the bit. The pits also provide the operator an oppor-
tunity to condition the mud so that it is capable of per-

71
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Pigure (8) shows 23 typical

forming the desired functions.

mud circulating system.

I
e B

The Functions of Rotary prilling Fluids

Rotary drilling fluids perform the following

functions:

1.}

5.)

6.)

10.)

Remove cuttings from beneath the bit,
transport them up the annulus, and deposit
them at the surface.

Cool and clean the drill string and bit.
control encountered formation pressures by
preventing the inflow of formation fluids intc
=he wellbore.

Torm an impermeable filter cake to seal the,%
rores and voids in formations penetrated L Hd
the bit. |

Suspend cuttings during periods when cir-
culation is suspended.

Aid in the collectinn of information from cut
tings, cures, and wireline logs.

Improve the drilling rzte.

Release entrained gas at %he surface.
Trasnmit hydraulic horsegower to the drilling
bit.

Minimize wellbore erosion.

L
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11.) Lower swab and surge pressures and pressures

required to inetiate circulation.

Composition and Types of Drilling Pluids

A wide and varied range of fluids are utilized in

the rotary drilling method. The fluids range from air and

natural gas to fluids two to three times as dense as

water. Table 3 lists the classifications of drilling

fluids and briefly outlines their principal components and

characteristics. The conmonly usaed drilling muds consist

of:14
1.) A continuous liguid phase (usually water).

2.) A dispersed gel-forming phase such as
colloidal soclids (usually bentonite clay)
and/or emulsified liguids (usually oil) which
* izrnish the deiiréd viscosity, thixotrephy,
and filter cake.

1.) Other dispersed solids such as weighting
material (usually barite), sand and cuttings.

4.) Various chemicals to control mud properties
within desired limits.

The choice of drilling mud €or a particular well is
dependant upon the geologic conditions which exist at the
formaticn being drilled and is guided by the mud functions

which are most sritical to the well in gquestion. Other
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TABLE 3 ﬁﬁ
CLASSIPICATION OF DRILLING PLUILS
Classificatiom Principsl Characteristics
_Ingredients
GAS:
Dry Alr Past frilling in dry.
Ory Air Y rock No water influs ©
Mist Alr, water OT Wet forzations cut lit
sud water in'lux
High Annular velocity
Foam AlTr, vwater, Stabjle rock
foaming agent Loderate water flow
tolersted
Stable foam ALT, Water tll'reduced-pressu:e'
contalining conditions: large volu
polyuers and/or of water, big cuttings
bentonite;foaming resoved at low annulaz
agent velocity
Select polyzer and fos
ing agent to afford nc
stabllity and tolev f-
salts e
Posm can be formed at
surface
WATER:
Presh Presh Water Pas: drillirg in stab:

fcraations. Need lars:
settling area, floc-
culants, or acple wat:
supply ard easy disro:
Salt Sea Water Brines for density
increase and lower
freezling point
Limited to low pera T
Low Solids Muds® Presnh water,poly- Past drilling la coXp
mer, bunicalte ent rocks
Mechanical scllids rem
equipzent needed
Contaminated by cezern
scluble salts

NCTES:
Detergents, lubricants, and/or corresion innibite™s
ne sdded to any water composition S
e Wner barite is added to raise the density of Tr.es.
rudz, they are called *rnondispersed”™ muds.
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TABLE 3 CONT
CLASSIFICATION CF DRILLIN i FLUILDS
Classification Principal Characteristics
Ingredients
Spud Mud Bentonite and Inexpensive
watsr :
Salt Water Sea water.brine Drill rock salt
Muds*® saturated salt Work overs
watar.salt- Lrilling salts other than
water clays, nalite may requlre specl
starch,cell- treatment
ulosic polymers
Lime Muds*® Presh oT bracke- Shale drilling
ish water, ben- Sirple maintenance at ped
tcnite{or native tum densities
clays), lime, Max: temp. 300°P with llgn
chroge~lignosul- added
fonats
Lignite.sodlius
chropate and
surfactant for
high tsmpera-
tures
Gyp Muds**® Same as lime Snale drilling
puds, except Sizple maintersance
substitute Max. temp. 325°P
gypsum for Unaffected by anhydrite,
lime in above cempent, moderate amount
conposition of salt DB 9-10

CL-CLS Muds®® Fresh or Brackish Shale drilling
water, bentonite Sizple gaintenance

cauctic soda, Max Temp. 1J50°P
chrome lignite, Same tolerance for conta

chrome-lignosul- lpnants as ZYP puds
fonate
Surfactant added pE 9-10

ror high tegp=

erasture

NQTES:
eDiese]l oll is often sidded to these puds, frequently

along with an ezulsifying agent.
eesTemperature stability of these muds is increased b

f;:g:ing calciuz and adding lignite and surfactant
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TABLE 3 COMN o,

CLASSIPICATIUN UP DRILLING PLUIDS

Cilassification Principal Characteristics
Ingredients
Fotassium Muds Potassium chloride Eole stability
acrylic, blo or Mechanical solids-remov
ceilulosic poly- equipoent necessary
mper, 3ome Past drilling at minisu
pentonite sp0lids content
pH 7-8
oIL:
011 Weathered crude Low=pressure well compl
oil ion and warkover
Asphaltic crude + Drill shallow, low-pres
soap + water sure productive zones
Water can be used €O
increase dansity and
cutting-carring ablli
Asphaltic Muds Diesel oll, The composition of oll
asphalt, emul- suds can be designed
sifiers, wvater satisify aay density
2-10% nole stabilization: ™
requirements and ¥
ersturs requiremen.s
600°P
Ngn=-Asphaltic Bigh initlal cost and
Muds("Invert®) Diesel oll, emul- environmental restric
siflers, oleophilic ions, but low xzalnten
clay, modified ance cost
resins and socaps,
5=40% water
NOTES:

(1) Density of oll pruds can be raised by additian ¢
calciuz carbonate or barite.

(2) Calecium chloride 1is added to the ezulsion wate]
phase to lncrease shale stablillity.

(Prog Gray., Darley « dog
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significant factors include economics and the availabilic

of maka=up water.

Important Static prilling Fluid Properties

Tvo of the properties of drilling £luid which

enable it to perform its required functions are also

important when determining the pressures which act on a

static mud column in an abandoned well. These properties

must be understood in.order to evaluate the pressures

which cuuld cause formation £luids to migrate up an aban-
doned wellbore. The pertinent properties are the ael
strength and the mud density. A review of the functions
these mud properties perform provides background infor-
mation which may be helpful when attempting to evaluate

the pressures which act at the static wellbore.

The Importance bf Controlling the
Gel Strength in prilling Fluids

proper control of the gel strength of a drilling
fluid is essential to the adequate functioning of the muc
The gel strength must be high enough to suspend cuttings
during periods of non-circulatien, but low encugh to:13
1.) Allow sand and shale cuttings to settle out and
entrained gas to escape in the mud pits.

2.) Permit ready breaking of circulation as the pum

is started.
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3.) Minimize swabbing effects when pulling the drle

5
»:s.,‘/

string from the hole.
The most common causes of high gel strength during

drilling are:

olloids

1.) Insufficient deflocculation of the clay ¢

which may require the addition of chemical thin-

ners.

2.) To high a concentration of solids; the accumu-

jated solids must be reduced by dillution or

mechanical seperation.
3, Contamination from drilling anhydrite, gypsum,

cemen=. rock salt or from a salt-water flow: The

effects of the contaminants can be nullified by,

using thinners and g{leration contro. agents. ~ﬁﬁ

Blow cuts may resulﬁ‘it the gel strength is too

nigh. High gel strengths regquire excessive pump pressure

vo initiate mud circulation thus the increased pressure
me sufficient to fracture a weak formation and cause lost

circulation. High gel strength may cause a suction when
gpulling the drill pipe out of the hole, this situation ma
swab formation fluid into the hole producing a kick whict

could lead to a blowout.

mhe Removal of the Bit Cuttings

wne removal of cuttings from beneath the bit and

the transport of the cuttings to the surface is the -
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ling fluids must per-

mary function which all rotary dril

gorm effectively if the bit penetration is to progress

optimally. The bit nozzel and annulus velocities of the

drilling mud circulated during drilling operations are the

chief factors which control cutting removal and transport.

respectively. annulus velocities between 100 and 200

ft/min are frequently used. The annular mud velocity 1is

jependant on pump capacity, pump speed, bore hole size and

drill pipe size. 7The viscisity of the mud determines the

efficiency of the cuttings removal for a specific velo-
city. While changing bits and during other periods of
inactivity, <he drilling fluid must be capable of
suspending tne cuttings being circulated to the surface.
1f the cuttings are not suspended during non=-circulation

they will fall back towards the bottom of the hole where

they could cause the bit or drill collars to stick and pre

duce an expensive fishing job.

Mud Progerties Wwhich Enable the
static Mud Column toO Ssuspend Cuttings

The primary mud property which acts to suspend
cuttings in the static mud column is the gel strength.
Gel strength is the result of a gelled structure which
developes in common drilling £fluids when they remain in a
quiescent state. The gel structure acts to support the

weight of the suspended cuttings. Since the bouyance
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c fluid increases with 1its den- .

force exerted by & stati

sity, an increas in nud density will result in a greate -

ability of the mud to support cutting during periods of

non-circulation.

Controlling Formation PressureS

The mud density also accomplishes another impor<

rant function, that of controlling encountered ¢ormation

pressures by preventing the inflow of €luids into the

Jallbore. It ig imperative that the mud density be fully

controlled since serious drilling hazards may result if it

jsn't. A fluid kick may result if the formation pressure
The kick occurs

exceeds the sracic mud column pressure.
R

when the formatin £luid (gas, oil or water) enter3d tha@

bore hole. As the fluid figes up the annulus, it expands

and displaces the drilling mud contained in the annulus.

The loss of mud in the annulus further reducés the static

mud column pressure, allowing more fluid to enter the

wellbore. 1If the situation is not brought undert control

plowout could result. When the density of the mud is
excessive, the p:essure.of the static mud column may be
sufficient to fracture weak formations which could resul
in lost circulation. Lost circulation is defined as <@
significant loss of drilling mud to a tormation. When
rhis occurs the mud column will drop and a reduction 1in

rhe static mud column pressure results. R



1¢ the static mud column pressure Arops below the for-

mation pressure the risk of a blowout will again be

encountered. The normal pressure gradient, the gradient

utilized to determine the formation pressure in normally

pressured zones, is considered to be the pressure exerted

by a column of typical formation water and is equal te

0.465 psi/ft of depth in the Teras Gulf Coast Area.
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APPENDIX C
THEORY OF PRESSURE BUILDUP IN INJECTION ZONES
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THEORY OF PRESSURE BUILDUP IN INJECTION ZONES

1The Diffusivity Bguation

Mathews and Russelll? developed the basic dif-~

ferential equation for the unsteady state radial flow of a

slightly compressible fluid from an injection well. The

diffusivity equation provides the fundamental means of

investigating the fluid flow which occurs in porous media.

The equation is derived by applying the idea of continuity

to a general mass balance:

. « 3 [F 2 (X 33- 3 (40)
(&) ay(pu! ) -7(-57' -

The following assumptions are applied to reduce the dif-
fusivity equation to a usable form:
1.) single fluid of sanll and constant
compressibility
2.) homogeneous, isotropic, and constant thickness
porous media
3.) negligible gravity effects
4.) constant fluid viscosity and media porosity
£.) horizontal flow
6.) radial flow
Utilizing the assumptions, equation (C-l) is simplified !
the following differential form:

84
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Constant Injection Into a Reservoir of

Infinite Areal Extent

The following boundary conditions are applied to

solve the differential equation:

Initial conditions: lim P{r,t) = Pj

r + =

lim 2P\ = =qu
r« 0 -} o 2xkh

The initial conditions establish the initial pressure
throughout the reservoir, and ensures that the system
maintains an unsteady state flow. The second condition
requires that tne flow must approach steady state radial
flow when the fluid is at the infinitely small wellbore.

Define a variable, as:

n = euer?
ry 33

an = Jucr

ar 2kt

F

n= !ucrz
é 4kt

By the chain rule:

13 an r©3P an = guc 3P an
r sn ar en ar k an at

By substitution:

an gucr r 3P gucr = guc 3P -gucr?

L T

8BS

(C=2}

n 2kt n 2kt L TTYE (C~4)
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> ™
simplifying: '£§
o uc 3_ f 3P gucr?) = guc 3F - sucr? (C-5)
kKt 3n \ an 4Kt kKt an \_ 4kt
Setting things in terms of n:
.a_(nzP_“)' - naE OF
an™ 2 an (C-6)
a2p + dp = =-ndP
dn2 ﬁ n
let p' = 4P
an
P-P; = =qQU Ej(=n) (C=12)
4 1kh
Converting back to polar coordinates:
p(r.c) = P; 38 si(-,ucr‘«) (c-13
4 vkh 4Kt

The formation volume tactor can be incorporated to ex{éﬁé
the bottom hole flow rate g OT BQ where Q is surface

volume flow rate ard the equation for constant rate injec

tion by a single well can be presented for use in this

report as:

P(r,t) » Py - QuB Ei(-!ucrz) (C-14
fwkt t

Sugegggsition

The method «of superposition allows the modification of
equation (C-14) to allow the incorporation of variable
flow rates and multiple wells. The modification for

variable rate provides the following equation:
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Pix, y, ¢t) = Pj - B u v ﬁb Qij Ei (-0 ucry )(C-.
®xt 3=i 1=l ax(t-tij)

where: Qi = is rate in well j at time tj4

. = ] .y 2
£y *d{x-xi?% * ly - y3)

xj, yj = coordinates of well 4

x, v = coordinates where P is evaluated Pi{x, VY.

For t > tnj

NOMENCLATURE

B = Reservoir fluid formation volume factor, reservoir

volume/surface volume
e = Fluid compressibility, l/atmospheres
h = Pormaticn thickness, ft
k = Permeability, darcys
P = Formation pressure, atmospheres
P; = Initial formation pressure, atmospheres.
q = Flow rate, cm3/sec
Q = Flow rate, cm3/sec
rij = Radial distance from the injection well, cm
t = Tine, sec
t; = Starting time of lth well, sec
U = Viscosity, cp

¢ = Porosity, fraction
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DETBRHINATION or GEL STRENGTH
introduction

When common use, water bage drilling fluids remain

in a quiescent state & gel structure develops. The

strength of this structure {s important since the dif-

ference between the formation pressure and the static mud

column pressure would have to be sufficiently large to
preak the gel structure before the drilling mud can flow
freely in an abandoned well bore. To calculate the for-
mation pressure increase which is required to break the ge.

strength structure a Imeans of determining the value of the

gel strength of the drilling mud is requirad.
Since the gel strength varies with the mud type

and the conditions that act on the mud it is difficult to
determine the exact gel strength of the mud in a par- ‘
ticular abandoned well bore. To overcome this difficulty
{t is necessary to review the gel strength characteristice
of various mud types and evaluate the factors which act tc
alter the gel strength structure. The aim of this review
i{s to provide sufficient information to determine the
minimum gel strength structure that could be anticipated
for any combination of formation, well bore and mud

type. The determined minimum gel strength value will be
utilized to determine the gel strength pressure for adan-

89
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doned Ueils {n a given waste injection scheme. The calrﬂﬁj

lated gel strength will allovw the determination of the

formation pressure increase which can result from the

waste injection vithout rupturing the ge
is devoted to the deter-

1 strength struc~

ture. The following discussion

inimum gel strength value.

Thixotropy
Thixotropy is defined as the property

g when stirred or shaken and

mination of a m

exhibited by

certain gels of liquifyin

returning to the hardened state upon stlnding.ls TO

understand the thixotrophic properties of drilling muds

xnowledge of clay minerology is necessary. Nearly

oil-based drillin“fzﬁ

sOae
all agquecus drilling fluids and some
their colloidal base. Due to their

.

fluids utilize clay as
size definition all clay particles fall into the colloidal

particle range. Colloidal systeas gtilized in drilling

£luids include solids dispersed in l1iquids and liquid
droplets dispersed in other liquids. These colloidal
systens define clay suspension and emulsion muds, respec-=
tively. The highly active colloidal paticles comprise a
small percentage of the rotal solids in drilling nuds but
act to form the dispersed gel forming phase of the nmud
which furnishes the desired viscosity, thixotropy. and
wall cake. Clay particles and organic colloids comprise

the two classes of colloids used in mixing of drilli 5%



9l

common organic colloids include starch, carc-

¢luids. The.

poxycelluloses (CMC) and polyacrylonine derivatives.

The clay colloids utilized in common drilling

) £luids are characterized by a crystaline structure which

influences the ability of the clay to retain water. Clays

used in fresh water muds consist of hydrated alum-

nosilicates conprised of alternate plates of silica and

aluminus to form layers of each mineral. The plate-like

crystals have two distinct surfaces: a flat gace surface
and an edge surface. Slight surface polarities induce
weak electrostatic gorces along the faces and edges of the
rineral plates. carison}’ noted that these electrostatic

forces attract planer water to the colloidal particles

forcing the clays to swell when wet and shrink when dry.
The attraction of planer water to the faces of the plates
is greater than the attraction of the sheets for each -
other therefore the structure tends to swell due to the
absorbsion of the planer wvater from the drilling fluid.
The beantonite clays demonstrate a strong ability to attrac
planer vater as a result they experience extreme swelling.
When in contact with fresh water, the face to face attrace
vion of water by the mineral layers will continue until
the swelling reduces the attraction of the plates to the
point where they seperate. This seperation results in a

higher number of particles and is referred to as disper-
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the colloidal suspension | i

-

sion. The dispersion causes
the electro~

thicken. The degree of thickening depends on

1ytic content, salt concentration of the waterﬂ_timsi_:em-

perature, pressute, Ph, the exchangeable cations on the

clay, and the clay concentration.

Gel Strength, The Measure of Thixotropy

Thixotropy is essentially & surface phenomenon

which is characterized by gel strength measurements. The

stzength indicates the attractive forces between par-

The strength of the gel

gel
ticles under static conditions.

structure wiich forms under gstatic conditions is a func-

tion of the amount and type of clays in suspension, time,
o)

temperature, pressure. Ph, and the chemical treating

agents used in the mud. The factors which promote, the

edge-to—cdgo_and face-to-edge assocation of the clay pac<

ricles, flocculation increase the gelling tendancy of the

mud and those factors which prevent the association

decrease the gelling tendancy.

Due to their size, colloidal particles remain
indefinately in suspension. When suspended in pure wate!
the clay particles will not flocculate. When flocculatit
cccurs the particles form clumps or flocs. These loosel
associated flocs contain large volumes of water. If the

clay concentration in the mud is sufficiently high, floc

wz.'
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culation will cause formation of a continuous gel struc-

ture instead of {ndividual flocs.

The gel structure commonly observed in aqueous
drilling fluids results from salt contamination. Soluable
salts are usuvally present in sufficient quantities to
cause at least a mild “locculation. The time reguired for
the gel to attain an ultimate strength depends on the cri-
tical concentration of electrolyte required to initiate
floeculation, the thinners present, and the concentration
of the clay and of the salt present. During drilling the
presence of salts and clay particles varies with each for-
mation being drilled, therefore the drilling fluid is

monitored and adjustments are made in order to maintain
the desired gel strerg®n.

Gel Strength of the étatic Mud Column
Gel strength is measured by a multispeed direct

indicating viscometer by slowly turning the driving shaft
by hand and observing the maximum deflections before the
gel structure breaks. The gel strength is normally
measured after a quiescant period of 10 seconds (initial
gel strength) and 10 minutes. The measurements are taken
at surface conlitions of standard temperature and
pressure. To determine the gel strength of the static nud
column in an abandoned well it is necessary to deternine

the gel strength of the mud under the influence of bore
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hole conditions. the initial and 10 minute gel strengths

pare no direct relation to the ultimate gel strength of

the mud at bore nole conditions. 7o determine the ulti-

mate gel strength of a mud it is necessary to discuss the

factors which act to influence the jnitial gel strength at

bore hole conditions.

Once the drilling operation is completed and the
well is abandoned the mud is subjected to conditions

vastly different from those encountered at the surface.
1n the range of formation depths utilized for disposal of
industrial wastes the temperature would be expected toO
range from 80 tO 300°?, the pressure ¢érom 1500 to 5000 i
and time from days to several_yte:s. Several studies héf;
been conducted to determine the impact of time, ten-
perature and pressure on the gel strength of muds at bore
hole conditions. The {nformation obtained from this
research should provide a means of determining a reaso=
nable minimum gel strength value for the abandoned wells
which exist in the range of formations described above.

It is observed that common use water base muds
develope high gel strengths after prolonged periods of
quiescence. The relationship between gel strength and
vime varies widely from mud to mud, depending on the com-
position, degree of flocculation, temperature, Ph, so'’q

J

and pressure. Figure (9)la indicates the increase in gh
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gtrength with time for various mud types and reveals that

there is no well established means of predicting long term

gel strengths with time. It is noted in all cases that

the gel strength {s obscrved to increase.

Garrisonl? studied the gel strength in relation to time
and rate of reaction for california bentonites. He
observed that both the speed and the #inal strength
{ncreased with the bentonite percentages. The gelling was
found to follov the equation:

S = S'kt (D=1)
T+kt

where S is the gel strength at any time t, §' is the ulti-
mate gel strength, and k is the gel rate constant. Figure
(10) indicates that the gel strength forms more rapidly at
fgirst then gradually approaches an ultimate value as time

elapsed. Equation (D=1) may be rewritten as:

Lt 4 1 (D-2)
T 5 Sk

which indicates that a plot of t/S verses t should be a
straight line. Pigure (11) represents the graph of t/S
verses t, and indicates the slope of the line is X and thq
y=intercept is 1/5'k. This approach provides a means to
evaluate the ultimate gel strength for esach bentonite con
centration. Table 4 represents the ultimate gel strength
and rate constants for the five samples shown in figures

(10) and (l1). Garrison also made measurements on simila
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suspensions at higher Ph and determined that the ultimate

strengths of the pentonite gels increased with each
suspension as the Ph increases. mghle 5 vefects the Ph -
ultimate gel strength relationship observed.

Garrison also noted that the rreating of muds with
thinnsrs had the effect of decreasing the rate of gelling

but not the ultimate gel strength. Thus it can be

concluded that the reduced initial and 10 minute gel

strengths recorded for created muds reflect the reduced

rate of gelling and do not indicate that the ultimate gel
strength will De any less than that recorded for an
untreated sample of the same mud. In fact, the ultimate
gel strength may even increase as indicated in table 4.
Garrison's work does not indicate that all muds
comply with equation (D=2), but it does point out that the
initial and 10 minute gel strengths do not provide a
reliable means of predicting the ultimate gel strength.
Weintritt and Hughesl9 conducted progressive gel strength
tests on ferrochronme lignosulfonate muds for periods up to
16 hours and obtained the results presented in table 6.
They noted that although mud E and mud P had similar pro-
perties, Mud P developed only a moderate gel strength
while that of Mud E was much greater. Once again it is

observed that the initial gel strength snd 10 minute gel

strength measurements are not always indicative of gel



TABLE &

GEL BATE CCNSTANTS CALCULATED FHOM FIGURE

Bsntonite Additives Gel 9trength Hate Constant

Per Cent (Ultimate)
Sazple #
&. 5 1 resasssss 3“.“ 0 00“?
5.5 2 eesec=e-= 72%.4 0.75
6. 5 3 - W - 11“. C. ?9
5.5 b 0.1% Na Tannate 104, 0.0089
5.5 5 Sodium Hydroxide 99.7 0.033
(Prom Gray, Darley and Rogers18)
TABLE §$ bl
CONSTANTS IN GELLING EGQU ATICNS OF EENTUNITE SUSPENSIUNS
Bentonite Gel Strength pB+ pHE+ pH+ pB+ .
Per Cent and Bate 9.2 9. 3-9 5 9. 9-10 310. B-ll
Constant
b.$ s b.b 40.1 4L8.5 69,.6
b.5 k 0.047 0.071 0.076 0.063
5.5 s 7%.4 g2.2 129.9 152.7
5.5 k 0.75 0.22 0.13 0.18
6.5 s 11k, 1kl. 250. 268,
6.5 k 0.79 0.30 0.10 0.25

(Proms Gnrrtlonl7)
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strength developument which is observed at elevated tem-.ﬁ%

peratures and extended time. The trhee nuds designated an

table 6 vere obtained from vwells within the same field

just prior to cementing operations.
Annis20 noted that when a pentonite mud is

quiescent, the gelling process depends on poth temperature

and time. Annis compared the effect of temperature on the

initial and 30 minute gel strength of an 18 ppb bentonite

syspension. rigure (12) indicates that the 30 minute gel

strength of the 18 ppb suspension is at any temperature

approx;mately six times the initial gel strength. the
dependance of gel strength on time at different
temperatures, as noted by Annis, is shown in figure (13;h
gased on these and other tests of up O 18 hours Annis gg
concluded that there is a'aérong indication that gel
strength increases indefinately with time.

In review, the above works indicate that the ulti
mate gel strength of wa?er base muds is considerably
higher than the values recorded for the initial and 10
minute gel strength. Although there is no direct rela-
tionship between gel strength and time it is possible,
pased on available information, ®0 conclude that the ulti
mate gel strength of a nud will be several times larger

than the initial or 10 minute gel strength of the mud.

referance to the work by Ga:tison.17 it is possible to

J&;,.
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cf a created nud tof%;

yltimate gel strength
t was not rreatue’s

o that of & similar mud tha
to decrease the rate O

consider the

equivalent t
since the effect of the thinner is

gelling and not the ultinate gel strength obtained.

In addition to time, temperature can have a major

effect ON thi gel strength of water based arilling fluids

studied the effects of temperature oOn the

ssveral water pased drilling muds. Table

srini-vasan2l

gel strength of

7 1ists the muds vhich were tested and figures (14), and

(18) indicate the temperature verses gel
tn most of the cases investigated by

strength rela-

tionships obtained.

srini-Vasan it was noted that the jel strength leveled of
after 160°F. The enulsion and lime treated muds showqgkt

(o “-ffm

change in gel strength with increase of temperature. i
vas found that each mud ﬁad.its own characteristic curve
and no quantitative interpretation was possible. The WOt
of Weintritt and Bughesl6 as noted in table §, indicates
that emulsion mud G experienced no change in gel strengt
in going from 75 tO 180°F7 over a wide range of times. I
is noted that although the gel strength did not vary vit
tenperature, it went from an initial gel strength of 0 ¢t
a gel strength of 2% after 16 hours.

The equipment utilized by Srini-Vasan restrictec
his investigation o temperatures up to 220°F.

Ann's20 was capable of investigating the gel strenght u

i

L}
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TABLE 7

COMFOSITION OF ThE KUD SAMPLES TESTED PUR GEL STRENGTH

SAMFLE NUMBER

32
5L
33
39

43

47

Lo

CuMPUSITION OF THE pupee

2 per cant bentonite mud

1 per cent bentonite mud

4 per cent bentonite mud

10 1b/sal. 4 per cent bentonite.
barite mud

10 1b/gal. 10 per cent (by volume)
Diesel 0il, & per cent bentonite,
barite, emulsion gud

10 1b/gal, & per cent bentonite,
barite, surfactant (DhS) mud

10 1b/gsl. low lime {1 1b/bbl) tremted

4 per cent bentonite, barite mud

e® A1l muds referred to are water base Euds.,

All per cent quantities mentioned denote welght per

cants, unless other wise designated.

(Proz Srini-Vasanél)
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to temperatures of a150°F. srini-Visan cbserved that the

gel strengths jeveled off after 160°? but Annis noted that

at higher temperatures a rapid increase irn. the gel

strength was noted. Pigure (16) reflects this obser-

vation. Thus increased temperature, 1ike increased ben-

ronite concentration promotes flocculation., The tem=

perature at which a rapid increase in gel strength occurs.

represants the onset of flocculation. ™erefore it is

possible to expect the gel strength to {increase signifi-

cantly at some elevated tsmperature.

Annis studied the gel strength properties of about
40 water bLase field muds at temperatures ranging to

300°F. The muds coversd a wide range of densities and mud

types, although the majority were lignosulfonate muds. To
draw conclusions on the effects of high temperature on gel
strength the gel strength properties were averaged and are

presented in figure (17).
giller22 noted that some clay suspensions display

a decrease in gel strength with increased pressure, esbe-
cially at high temperatures. Tt was noted that the gel
strength was reduced %o 1/4 of its original value for a
pressure increase srom 300 to 8000 psi at a temperature o
302°P. This reduction in the gel strength resulting from

increased pressure is presented in table 8.
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TABLE 8
GEL STRENGTE OF A U PER CENT SUSPENSION CP PURE SODIUM
MONTMO ONITE TO W N CESS Q0 EE ITER OF
NaOH HAS BEEN ADCED, MEASURED AT VARIQUS TEMEERATURES
' ND SURES.
£(°?) ‘P(pst) H"lghmrl;b logg’m;t
78 300 2.2 - 35.0
8000 2.2 - 7.0
212 300 , 18.0 26.0 40,0
8000 9.0 9.0 15.0
302 300 240.0 290.0 265.0
8000 88.0 100.0 100.0

(Prom Hiller<?)
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Although no direct means exists to determine the

ultimate gel strength of a drilling mud at pore hole con-

ditions, it is possible tO safely say that the gel
strength developed in the bore hole is considerable

greater then that indicated by the initial and 10 minute

gel strengths recorded for a given mud. The effects of

time, temperature and pressure on the gel strength of the

static mud column have been discussed above. In the range

of pressures and temperatures normally encounter2d in

disposal formations, pressure should exert a negligible

effect on the gel strength. Flocculation at high tem-
occur except in the deepest of dispo-

-
2y

perature should not
Certain muds do not display a temperatﬁgge

sal formations.
dependance, but the effects of time is ever present.

The research discussed above investigated muds
with 0 initial gel strendgth to ultimate gel strengths of
100°'slbs/100SF. 1In an attempt to select 2 minimum ulti-
mate gel strength that could be expected for the worst of
mud and bore hole conditions, a value of 20 lbs/100
Fe2 will be utilized for the ultimate gel strength in all
gel streangth pressure calculations in this report. This
value will provide a considerable safety factor in most
cases. The user of the procedure outlined in chapter III
may utilize another value of the ultimate gel strength if

3

available data allows such a determination.
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rhe 20 1b/100FtZ ultimate gel strength was

arbitrarily selected to insure that a sufficient safety

factor is built into the proposed procedure. The selec~

tion is the result of individual judgment prejudiced by

the above discussion.
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example of the Area of Review pDetermination procedure

A chemical plant desires to initiate a new process

at it's plant site located along the gulf coast of Texas.

The nev process will generate a continuous waste stream of

500 GPM for an estimated 20 vears. The surface disposal

capabilities of the plant are limited therefore the com-
pany desires to dispose of the new waste stream by subsur-
face injection. The proposed process will generate a che-
mical which is in high demand. TO meet the demand the
plant must operate without interruption, therefore the
disposal system must be designed to provide continuocus
waste disposal lor 20 years. The chemical company has
employed a consultant to determine if it is feasible to
dispose of the anticipated waste strean by subsurface
injection. 1If the ptoposed'injection is feasible, the
company desires to know what the area of review will be so

that its staff may begin to prepare the permit application

and technical raport.

Step 1
The consultant obtained all available well logs,

formation water samples, core samples and other appro-

pirate information from wells in the immediate area of the
plant site. Utilizing the information obtained, the con-
gultant preformed a hydrogeologic survey, conducted waste

115
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and formation £iluid compatibility tests, and assembled  w?

other information which indicated that a syitable injec-

tion formation existed at a depth of 5000 feet below the

plant site. cable 9 presents the wvaste stream and injec-
tion formation properties determined by the consultant.
The consultant selected a two well injection system tO

ensure continuous disposal capability.

The consultant determined that in addition to
active wells there exists 126 abandoned wells within an

approximate 2)2 mile radius of the plant site.

Step 2
Pigure (2) is a map of the relative positions of

the abandoned wells with respect to the proposed injectiajgg
wells at the plant site. The map has a grid systen
superimposed over it 80 that the relative distance, in

feet between the abandoned wells and the injection wells

can be determined.

Step 3

A two well injection system is selected to ensure
that the disposal of the waste is not interrupted. Each
well will inject at a rate of 250 GPM. Should a workover
be required on a well, the other well will operate at 500
GPM until both wells are back on line. The well bore
radius (r,) of each well equals four inches. The wells

will be operted for a period of 20 years.
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TABLE 9
WASTE STREAM AND InJECTIul FORMATIUN FHOFEATIES
PORMATIUS FROPERTIES DETERMINED VALUE
Porosity .20
Depth to top of 5000 feet
injection formation
Thickness 150 feet
Initial Pressure 2325 psl
Practure Gradient .68 pai/re
Permealbility 100 =
WASTE FRCPERTIES DETERMIMED VALUE
Viscoslty ' 75 cp
COMBINED FROPERTIES DETERNIKEL VALUE

Total Compressibllity .000005 1/psi

117
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Information obtained in steps one an

lized to determine the gel strength and static mnud column

The pertinent information is presented in
s that the minimun

pressures.

Table 1. A reviev of table 1 indicate

mud density recorded in the 126 abandoned wells is 9.4

1bs/gal. and the maximun bit diameter at the injection

formation depth is 9.875 inches. These values are input

into ‘computer program INJWEL to calculate the static mud

column and gel strength pressures, respectively. (See

Appendix F). rable 10 tepresents the input regquired to

calculate the formation, static mud column, and gel

strength pressures and drav the X-Y Plot utilizing

INJWEL. The iniection rates are combined and it is TR

A
assumed all the waste is being injected into well numbe.
one. Table 1 and Pigure (3) represent the output and X-Y
pPlot, respectively that were generated by INJWEL. It is

noted that the calculated area of review is approximately

a radial distance of 7000 feet from the inijection well.

Step 4
Utilizing information contained in tables 9 and 1l

it is possible to calculate the formation pressure at a
specified time at each of the abandoned wells. Table 12
represents the appropriate input to the computer program
PRES to allow it to calculate the formation pressure at

ths abandoned wells and to draw an X-Y Plot of the arr
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review. The pressure {sobar drawn on the ¥-Y plot repre-

sents the static mud column plus gel strength pressure

calculated by INJWEL. Table 13 and Figure (4) represent

the output and X-Y Plot from PRES, respectively. Table 14

represents 2 1isting of the abandoned wells determined to

he located within the area ocf review.

Step S

Since the minimum mud density (9.5 1bs/gal) found

in the abandoned wells within the calculated area of
review is greater than the 9.4 lbs/gal mud density uti-
1ized in the new calculations made in step three and the
maximum bit diameter found in the abandoned wells within
the area of review if 7.875 inches which is less than the
9.875 inches used in step three, INJWEEL will be rerun
gtilizing the above noted values. The gel strength plus a
static mud colum pressure calculated with the new values
for mud density and bit size is 2503.72 psi.- This value
replaces the old value and PRES is rerun to obtain the X-Y
pPlot of only the newly calculated area of review. Since
the formation pressures do not change there is no need to
crecalculate them in PRES. FPigures 5 and 6 represent the
X-Y Plots of the area of review calculated by INJWEL and
PRES, respectively. Table 5 lists tiie abandoned wells
contained in the newly calculated area of review. A

review of the table indicates that the mud density and bit

diameter have both stabilized therefore the iterative pro-
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TABLE 10
INPUT PCR CUMPUTER PRCGRAY INJWEL
20,00 £000,0 11.875
0.0 75 1.0 100. 350.
2325. 20.0 .000005 «33
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ANRE U1
M
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e 00 20,20
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Tee .04 2N, 90
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Jeee., 00 291%,0%
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VOO0 A8 JaT9.TH
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20%s.2
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LD |
0%
o8
%
T
o
L L J

1

12
10 ]
LA
1"y
t“e
17
1ne
tre
11
11
12
113
118
119
118
117
11
11e
127
t”n
122

123

ag2s.0
LTLE ]
*wrs,v
7778 .4
aq9n u
49754
Ll B
10454 o
11T, "
187780
°gsa, e
RALLIE
T175,.
(LTI
LF LI
(104 M
tRivu, 2
1PE75,@
(LAY LI
1029 .,9
(S RL L
112%%,4
11329.2
1222%,°
11429,2
1332%,7
tiIne_a
17280 ,%
128%94,23
(a7ea 3

13478, ¥

20374,°0
FLTLLS |
g082%,?
FLILLIM
2777%.0
YL
aeene 8
2902%,.0
21873 ,4
21704,¢
22373.0
1e7%¢,0
213%0,2
20478, 9
21750
ma% .9
18080,8
1eage,d
{haan "
21r0e,.0
tA3se,s
17194 .19
1997%,3
177904
17a0e, 9
1 29,0
790, 8
fATee, "
[AERg P
RLLLIM

TARLE 1) Con?
233,12 20810
344,17 20032
304,59 28078
1147,¢ 20908
2379,7 819,38
2374,3 283,40
2372,2 28118
2378 241,14
308 .0 24381
2384,9 LLE L
2308 .8 2429,
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FTTI A
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T80
200223
280222
2en8.9
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242%2
20380
203%.2
20%4.9
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20810
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20883
268%,0
20947
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20043
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2034.0
20%8.2
2881.,%
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TABLE 14

WwELLS CCNTAINED IN THE AREA OF REVIEW

WELL X~-CURD Y«~CORD Mud Den Bit Size
(1b/gal) (in)

18 10800 14300 12.9 6.75
19 9600 17550 10.6 7.875
20 10950 12950 12.5 7.875
22 11825 13650 12.4 7.875
23 9350 15200 10.7 7.875
2k 12150 12600 12.7 7.875
) 2 9525 13075 11.5 7.875
: 26 10450 15600 10.1 7.875 ™
2 11225 11400 10.4 8.75 h
32 9400 16275 9.7 7.875
%0 9825 17100 9.8 7.875
41 12700 12450 13.4 7.875
109 10100 16650 10.9 ?7.875
110 10175 19850 11.1 7.875
111 10150 18400 11.0 7.875
112 10825 21000 10.5 7.875
113 11100 18350 10, ¢ 7.875
114 11200 17150 11.6 7.875
115 11325 15975 11.¢ 7.875
116 12225 17750 11.0 7.875
117 11425 19600 ~ 11.1 7.875
118 13325 20125 11.2 7.875
119 11700 20750 9.7 7.875
120 12250 18700 9.7 7.875
121 12450 16500 9.5 ?7.87¢
122 10700 17000 9.7 7.875
127 13475 15800 11.6 7.875
126 21550 14325 10.2 ?7.875
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cedure need not be repeated. The area of review calcu-

lated by this second i{teration is the true area of review

for the proposed injection operation.

Step 6

Since step five defined the true area of review
for the proposed injection opecation it is now necessary
to evaluate each well listed in table 15 on an individual
basis. Utilizing the mud density and bit size for each
well listed in the table the static mud column and gel
strength pressure, respectively are calculated at each
well. The sum of the pressures at each well is compared
with the formation pressure calculated at the well by
PRES, Table 13. TIf the combined gel strength and static
mud column pressure is less than the formation fluid
pressure corrective action must be considered at the well
in question. Corrective action could be avoidgd by
rediicing the injecting rate or by relocating the injectors
to modify the area of review so that the critical well no
longer presents a problem. If the gel strength pressure
plus static mud column pressure exceeds the formation

pressure the well in question will not pose a pollution

threat to rtresh water.
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Step 7

rable 16 lists the wells located within the true

area of review. These wells need to be reviewed on an

jpdividual basis to determine which wells need corrective

action utilizing the criteria established by the TDWR.
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WELL # Static RMud Gel Strength
Column FPres Preszsure Pressure: Pressures

(pst) (ps1) (pet)  (pei)

TABLE 15

WELLS CONTAINED IN TEE TRUE AREA OP REVIEW
WELL # X-CORD Y-CORD MUD DEN BIT SIZE

116 12228 17750 11.0 7.875
121 12450 16500 $.5 7.875
123 134675 15800 1.6 7.875

TABLE 16

. WELLS REQUIRING INDIVIDUAL REVIEW

PCR _POSSI Cco VE N

Coabined PFormation

116
"2l
123

11.0(500C)(.052) + 33.72 = 2893.72 2507.0
9.5(5000)(.052) + 33.72 = 2503.72 2516.5
11.6(%000)(.052) + 33.72 = 3049.72 2539.0
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syell 121 is the only well which requires actual investigat

to deterzine if corrective sctiom is required.

If well 12

{s properly plugged no further action is required, 1f not

{t requires corrective actlon.
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